Abstract We reported previously that Fas-induced hepatic failure in normal mice was attenuated or prevented by exogenous transferrin (Tf), particularly apoTf. Here we show in C57BL6J/129 mice with genetic inactivation of transferrin receptor 2 (TfR2 Y245X ), that Fas-induced hepatotoxicity (apoptosis; rise in plasma aspartate aminotransferase (AST) levels) was comparable to that in wild-type mice, but was not modified by pretreatment with Tf. Rises in plasma AST were preceded by a decline in serum iron levels. AST elevations and iron declines were more profound in female than in male mice. Female mice also showed higher baseline levels of Bcl-xL in hepatocytes, which declined significantly upon treatment with agonistic anti-Fas antibody. These data confirm the cytoprotective function of Tf, and show a novel property of TfR2. Both apoptotic Fas responses and cytoprotective effects of Tf were associated with significant shifts in plasma iron levels, which quantitatively differed between male and female mice.
Introduction
Data from several laboratories indicate that the function of transferrin (Tf) is not limited to iron transport [1] but also has potent anti-apoptotic effects [2] [3] [4] . Ionized iron has profound effects on cellular redox potential [5] , which may be modified by binding to Tf [6] . The resulting changes, in turn, are expected to alter the activity of various transcription factors and the occurrence of programmed cell death (apoptosis) [7] . We have shown previously that exogenous Tf attenuates or prevents Fas-induced apoptosis in hepatocytes and protects mice against Fas-induced hepatic failure [7, 8] . While we expect ApoTf to become saturated with iron upon addition to iron-containing medium or after injection into mice, our studies suggested that administration of ApoTf was more potent than injection of HoloTf. Accordingly, in vitro and ex vivo studies showed that ApoTf resulted in more profound upregulation of antiapoptotic and downregulation of pro-apoptotic signals than did iron-saturated HoloTf [4, 7] .
To deliver iron, Tf must be taken up by cells. Unexpectedly, however, an anti-CD71 (Tf receptor 1 [TfR1]) monoclonal antibody (MAB) that prevents iron uptake did not interfere with the anti-apoptotic effects of Tf, suggesting that TfR1 was not directly involved in the protective effect of Tf against Fas-induced apoptosis [8] . The role of Tf receptor 2 (TfR2) in our model [9] has yet to be determined. TfR2 has a lower affinity for holoTf and a more restricted tissue distribution than TfR1, but is prominently expressed on hepatocytes. While TfR2 can deliver iron to cells, the primary function may be connected to hepcidin expression [10] . The stability of cell surface TfR2 is dependent upon the presence of Fe 3+ Tf [9, 11] . Here we investigated in murine models the role of TfR2 in the protection of hepatocytes by Tf against Fas-initiated hepatocyte death and the potential impact of different plasma iron levels on the extent of Fasmediated hepatic injury.
Materials and methods

Reagents
Hamster anti-mouse Fas MAB (clone Jo2, in the NA/LE format [aFas]) was purchased from PharMingen (San Diego, CA); antibodies to Bcl-xL from Cell Signaling Technology (Beverly, MA); rabbit anti-actin antibody from Sigma (St. Louis, MO); secondary goat anti-rabbit IgGhorse-radish peroxidase (HRP) and rabbit anti-mouse IgG-HRP from Pierce (San Francisco, CA); human apo-(ApoTf) and holoTt (FeTf) from Sigma. All Tf preparations were endotoxin ''free'' as determined by LAL technique at the Biologics Production Facility of the FHCRC.
Animals
Male and female C57BL6, BALB/c, and SVJ/129 mice, 2-3 months old, were purchased from Jackson Laboratories (Bar Harbor, ME, USA). Heterozygous breeder mice with deletion of TfR2 (TfR2 Y245X ) (C57BL6J background) were developed in the laboratory of Dr. Robert E. Fleming (St. Louis University School of Medicine, St. Louis, MO) and bred at the FHCRC animal facilities. Mice were used with the approval of the Institutional Animal Care and Use Committee of the FHCRC, in compliance with National Institutes of Health guidelines.
Genotyping for the Y245X mutation
Offspring of TfR2 Y245X heterozygous pairs were genotyped by polymerase chain reaction (PCR) analysis of genomic tail DNA as described [9, 12] . Briefly, the PCR involved 35 cycles of 95°C for 1 min, 65°C for 1 min, and 72°C for 90 s, using as a forward primer 5 0 -GTG ACA AGG GGG CAT ATT ATG CAT GGG ATT-3 0 and as a reverse primer 3 0 -TGT TGT GTA GCC CAA GCA GGT CCT GTA CAA-5 0 . The mutant allele was identified by PCR using oligos at the designated positions. The mutant (homozygous = HO) (922-bp) gives a longer PCR product than the wild type (WT) allele (814-bp). Heterozygous (HT) mice express both alleles.
Experimental in vivo protocol
Sublethal doses of agonistic anti-Fas MAB (aFas, Jo2, 0.08 lg/g of body weight) were given intraperitoneally (i.p.) in a volume of 0.25 ml, and human ApoTf was injected i.p. at doses of 0.1 mg/0.25 ml/mouse at 48, 24, 1 h before, and 1 h after aFas injection. Control mice received identical volumes of saline i.p. Blood samples were harvested at 0, 6, 12, 24, 48 h and 7 days after aFas. Blood samples were obtained without halothane anesthesia via puncture of the cheek pouch to minimize the risk of hemolysis and to avoid potential anesthetic-related hepatotoxicity [13] . Mice were sacrificed on day 7 of the experiment.
Liver histology
Liver tissue was fixed in 10% formalin and embedded in paraffin. Sections (4 lm) were stained with hematoxylin/ eosin, or with Prussian blue for determination of iron deposition.
Blood plasma iron measurement
Total iron in blood plasma was measured using QuantiChrom Iron Assay Kit (BioAssay Systems, Hayward, CA) according to the manufacturer's protocol.
AST determination
Aspartate-aminotransferase (AST) in murine plasma was determined spectrophotometrically at Phoenix Central Laboratory (Everett, WA, USA).
Western blots
For BcL-xL determination in the liver, mice were sacrificed without aFas injection (time 0) or 6 h after aFas. Liver tissue was collected and lysed with CHAPS buffer (Cell Signaling Technology). The cell extracts were analysed by SDS-PAGE and immunodetected with anti-human Bcl-xL antibodies (Cell Signaling Technology).
Statistics
Student's t-test was applied for statistical analysis using Graph-PadPrism (version 3) software. Data are presented as means ± SE.
Results
Fas-induced hepatocyte injury is strain and gender dependent
Injection of aFas at sublethal doses, as in previous studies [7, 8] , induced acute hepatic injury as indicated by a rise in plasma AST levels in mice of all strains studied (Table 1) . Without exception, the rise in AST levels was less severe in male than in female mice in response to the same per body weight doses of aFas. C57BL6J mice showed smaller AST increments than BALB/c or SVJ/129 mice. The most pronounced increases in AST levels occurred in female SVJ/129 mice (8,934 ± 1,833 U/l versus 3,912 ± 1,280 U/l in female BALB/c, and 660 ± 159 U/l in female C57BL6J mice) ( Table 1 ). The time course of AST responses also differed between strains: the peak AST values in female BALB/c, SVJ/129, and C57BL6J mice were observed at 6 h, 12 h and 24 h after aFas injection, respectively (Table 1) . These results indicated strain-dependent differences in the kinetics and the magnitudes of the response to Fas-mediated signaling and were consistent with differences in biological activity of the Fas/Fas-Ligand system as also observed by others [14] .
The pattern of AST increases in response to Fas signals reflected constitutive iron levels in the mouse strains studied. C57BL6J mice, with low baseline iron levels (140-170 lg/ dl), showed less prominent AST rises in both male and female recipients, than did BALB/c and SVJ/129 mice with baseline iron levels of 220-270 lg/dl, and 240-290 lg/dl, respectively. Results in C57BL6J mice are further illustrated in Fig. 1 . The rise in AST levels (peaking at 24 h; Fig. 1a ) was preceded by a decline in plasma iron (Fig. 1b) and associated with a decline in Bcl-xL protein [7] . However, the magnitude of the decline was significant only in female mice (which had higher levels of expression at baseline than male mice) (Fig. 1c) . Early declines (and subsequent increases) in iron levels were also more pronounced in female than in male mice. Female mice showed a decrease in plasma iron from 148 ± 13 lg/dl to 73 ± 8 lg/dl (P \ 0.01) at 6 h, followed by an increase to 282 ± 30 lg/dl (P \ 0.02) at 48 h after aFas injection (Fig. 1b) . Peak values for plasma iron levels were reached at 48 h after aFas injection, a time when AST levels had returned to normal values. Such a time course would be consistent with early utilization of iron in Fas signaling and a subsequent release of iron from injured (apoptotic) hepatocytes.
Cytoprotection by Tf requires TfR2 and is modulated by iron levels
We have shown that Fas-initiated hepatocyte injury is attenuated or prevented by pretreatment of mice with Tf, particularly with iron-free ApoTf [4, 7, 8] . Surprisingly, however, blockade of TfR1 by a neutralizing antibody did not prevent the anti-apoptotic effect of Tf [15, 16] . We speculated that TfR2 [9, 17] might mediate the anti-apoptotic effects of Tf. The availability of mice with genetic inactivation of TfR2 (TfR2 Y245X ) provided a model in which to determine the role of this receptor for cytoprotection by Tf.
Blood plasma iron levels differed between wild type (WT) mice and mice heterozygous (HT) or homozygous (HO) for the TfR2 deletion (Fig. 2a) . HO mice had the highest baseline iron levels (217 ± 11 lg/dl in males, and 297 ± 11 lg/dl in females [P \ 0.001]), heterozygous mice had intermediate levels (180 ± 11 and 199 ± 7 lg/ dl, respectively [P = NS]), and WT mice had the lowest iron levels (157 ± 4 and 159 ± 14 lg/dl, respectively [P = NS]). Prominent iron deposition was observed in the livers of HO mice (Fig. 2b) .
As shown in Fig. 3 , treatment with aFas resulted in alterations of plasma iron levels as also observed in other strains (see above). Male mice showed a modest decline in iron levels at 6-12 h; female mice also experienced a decline by 6 h, but showed a significant rise at 12 h. As expected, pretreatment with ApoTf prevented the decline in iron levels in WT male and female mice (no significant difference compared to controls). However, no protective effect of ApoTf was apparent in HT or HO TfR2 Y245X mice. As with other strains, AST levels increased in male and female mice of all genotypes in response to aFas. AST elevations peaked at 12-24 h (500 ± 28 U/l, 515 ± 69 U/l, and 604 ± 41 U/l in female WT, HT, and HO mice, respectively). Differences between female and male mice were significant for HO mice at 12 h [P \ 0.001] and 24 h [P \ 0.05]), and were of the same order of magnitude as in female C57BL6J mice (660 ± 159 U/l), the strain from which the TfR2 Y245X mice were derived (Table 1 , Fig. 3 , panels a-f). Similarly, the rise in plasma AST levels (highest in HO mice, which also had the highest iron levels) was preceded by a decline in plasma iron. However, while pretreatment with ApoTf prevented the rise in serum AST levels in WT mice, AST levels in HT and HO mice were not affected by ApoTf. The fact that Tf failed to provide protection even in HT mice (without significant hepatic iron loading) indicated that liver iron by itself was not responsible for the observed effects in HO mice. These data are consistent with a pivotal role of TfR2 for the cytoprotective effects of Tf. A lack of protection in HT mice was likely due to haploinsufficiency of TfR2.
Discussion
We have shown that Fas-mediated hepatocyte injury and fatal hepatic failure due to hepatocyte apoptosis are prevented or attenuated by exogenous Tf, and that this cytoprotective effect of Tf is modulated by iron [7, 8] . The cytoprotective effect of Tf was consistently greater with ApoTf than with FeTf. Blockade of TfR1 by a specific MAB [18] , did not interfere with the protective effect of Tf [8] , fitting with observations by others who showed that modulation of apoptotic signals by Tf did not require TfR1 [3] . TfR2 is a second, evolutionally more primitive receptor for Tf, apparently with several functions [11, 17] , which [19] is highly expressed on hepatocytes [9] . Here we show that TfR2 is required for the Tf-mediated protection of hepatocytes against Fas-induced injury. A proposed model is shown in Fig. 4 . Homozygous TfR2 mutant mice derived no protection from exogenous Tf against Fasmediated injury, and even heterozygous mice failed to benefit from pretreatment with Tf. The results also show that additional parameters, in particular the genetic background of mice, their plasma iron levels, and the gender of the treated mouse determined the responses to Fas injury and the extent of protection by Tf.
Hepatic injury as determined by AST elevations in serum was most severe in SVJ/129 mice, and peak AST elevations were reached earlier in BALB/c and SVJ/129 Fig. 1 Changes in aspartate-aminotransferase (AST) and total iron (Fe) levels in blood plasma and Bcl-xL expression in liver lysates of C57BL6 mice exposed to agonistic anti-Fas antibody (aFas). Mice were given i.p. aFas at sublethal doses of 0.08 lg/g body weight.
Blood was sampled at 0, 6, 12, 24, 48 h and 7 days after aFas. Shown are the means ± SE of AST (U/l) (a) and iron (lg/dl) (b). AST levels (at 24 h) were significantly higher in female than in male mice (P \ 0.05). Iron levels declined by 6 h and were increased by 48 h in aFas-treated mice in comparison to controls (''bleeding'' = blood sampling only); however, differences reached significance only in female mice (* P \ 0.05 and ** P \ 0.002, respectively). (c) Expression of Bxl-xL was determined in liver cell lysates obtained from mice sacrificed at 0 or 6 h after aFas injection (C57BL6 mice; 5 per group) by Western blot and analyzed with Image J. Female mice expressed Bcl-xL at higher levels than male mice and showed significant decreases in Bcl-xL protein following treatment with aFas; very little change was noted in male mice mice than in C57BL6 mice, consistent with strain-specific responses reported by others [14] . Importantly, however, the overall patterns of response were similar, including responses in wild type C57BLJ6 mice, which provided the background for the TfR2 Y245X mutant mice. The association of AST elevations with plasma iron levels, however, was unexpected. Fas-induced AST elevations were less severe and more delayed in mice with low iron, and were more severe and occurred earlier in mice with higher baseline iron, suggesting the possibility that an iron gradient between hepatocytes and blood plasma was relevant for the extent of hepatic injury [20] .
Furthermore, female mice consistently showed higher AST elevations and more severe fluctuations in plasma iron levels after aFas exposure than did male mice. While there was a decline in plasma iron levels early after aFas exposure in both female and male mice, female, but not male mice experienced significant increases in plasma iron with a delay after aFas treatment. Conceivably, this delayed rise in plasma iron was related to the extent of hepatocyte injury, which, as reflected by hepatocyte apoptosis [8] and AST elevations, was greater in female mice. Female mice have been shown to possess higher iron stores (and, e.g., higher levels of mRNA for the iron regulatory peptide hepcidin [21] ) than male mice. Further, in response to aFas, there was a significant decrease in the expression of the anti-apoptotic molecule Bcl-xL in female but not in male mice (Fig. 1c) , providing additional, albeit circumstantial evidence for an effect of iron levels on apoptotic responses. Significant gender differences have also been reported by others. For example, Naugler et al. [22] showed a higher incidence of carcinogen induced liver cancer in male than in female mice, associated with differences in MyD88-dependent interleukin-6 production, which was inhibited by estrogen. The exact mechanism that accounts for the gender differences in the present model remains to be determined. However, involvement of pro-inflammatory cytokines such as interleukin-6 is not unlikely as this cytokine also regulates the expression of hepcidin [23] .
The mechanism of the early decline in plasma iron levels following exposure to aFas is not immediately apparent. However, iron is required for the initial steps of Fas-mediated apoptosis [20, 24] , and the observed decline in iron was possibly related to iron import into cells. As discussed above, the ensuing apoptosis would then lead to release of iron from apoptotic hepatocytes and a rise in plasma iron. Furthermore, we observed in other studies (unpublished data) that cross linking of Fas by Fas-ligand resulted in downregulation of hepcidin mRNA in the liver of mice, which, in principle, should lead to an increase in iron uptake or iron release from macrophages. The observed opposing effect of ApoTf is in agreement with previously published data [7, 8] , which showed that exposure of hepatocytes to Tf, particularly in conjunction Shown are examples of liver sections from wild type (WT) mice and mice heterozygous (HT) or homozygous (HO) for the TfR2 mutation. Only HO mice showed severe hepatic iron loading [9] with pro-apoptotic stimuli, directly upregulated anti-apoptotic molecules such as Flice Inhibitory Protein (FLIP) and Bcl-xL, and led to decreased cytochrome c release [25] .
Hepatoprotective effects similar to those observed with ApoTf have been reported for hemoxygenase-1 (HO-1), the rate limiting enzyme in heme metabolism [26] , and a substantial literature documents effects of HO-1 on both apoptosis and iron homeostasis [20, [26] [27] [28] [29] [30] [31] . Overexpression and induction of HO-1 have been shown to prevent graft-versus-host disease of the liver, at least in part by counteracting apoptotic hepatic cell death [26] . However, while we observed in ancillary studies that HO-1 was upregulated in hepatocytes in response to FeTf, there was no upregulation in response to ApoTf (data not shown). Such an outcome suggested that increased iron delivery by FeTf upregulated . This finding was of interest in view of the observed differences between ApoTf and FeTf: as ApoTf binds iron upon addition to the system, this chelating function may contribute to the cytoprotective effect mediated by ApoTf. In summary, we have shown that the extent of Fas-mediated apoptosis in hepatocytes is dependent upon baseline iron levels and involves alterations of iron homeostasis. The cytoprotective/antiapoptotic effects of Tf require expression of functional TfR2. The greater extent of Fas-mediated hepatotoxicity in female mice may at least in part be due to greater reduction in Bcl-xL levels in response to Fas in female mice. Thus, the study provides novel data on the function of TfR2 and may serve as rationale for the use of ApoTf and, possibly, other iron-chelating agents as cytoprotective strategies. Such an approach might be effective in patients who receive high-dose chemotherapy which is associated with liver toxicity or in patients after allogeneic hematopoietic cell transplantation where hepatic graft-versus-host disease (with hepatocyte apoptosis being a prominent feature) is a frequent complication. Fig. 4 Proposed model. Left panel depicts events in an unmodified hepatocyte exposed to agonistic anti-Fas antibody (aFas). The middle panel shows an unmodified hepatocyte exposed to aFas in the presence of exogenous transferrin (Tf). The arrow-less line between intracellular iron (Fe) and extracelluar Fe indicates absence of significant unidirectional shifts. The right panel shows a hepatocyte lacking functional transferrin receptor 2 (TfR2) exposed to aFas in the presence of exogenous Tf; in contrast to the middle panel, no protection is provided by Tf (see text for additional abbreviations) Fig. 3 Serum aspartate aminotransferase (AST) and plasma iron (Fe) levels in wild type (WT) mice and in mice heterozygous (HT) or homozygous (HO) for the TfR2 mutation. Mice were injected i.p. with sublethal doses of anti-Fas MAB (aFas, Jo2, 0.08 lg/g body weight) and treated with 0.25 ml saline or human ApoTf, 0.1 mg/ 0.25 ml/mouse at 48, 24, 1 h before, and 1 h after aFas injection. Additional mice received no treatment (''bleeding'' = blood sampling only). Blood for AST and Fe determination was collected at 0, 6, 12, 24, 48 h and 7 days after aFas. Results are given as mean ± SE, plotted over time. (a) Wild type (WT) female mice (* P \ 0.02, ** P \ 0.01 versus control); (b) WT male mice (* P \ 0.05, ** P \ 0.01 versus control); (c) heterozygous (HT) female mice; (d) HT male mice; (e) homozygous (HO) female mice; (f) HO male mice. AST levels remained in the normal range after injection of saline or Tf without aFas, and changes in iron levels in mice injected with Tf only paralleled those seen in controls (not shown). (g) Mice were treated as in a-f, but iron levels were followed for 7 days (168 h). Fluctuations were more extensive in female than in male mice, (two male WT ''bleeding'' controls died due to technical problems). 
